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Background: Discrimination of stem cells with flow cy-
tometric analysis of Hoechst 33342 efflux by the ABCG2
transporter (termed the Hoechst side population, or SP
technique) is a valuable methodology for identifying bone
marrow progenitors enriched with stem cells. Unfortu-
nately, it requires a ultraviolet (UV) laser source, usually
necessitating an expensive and maintenance-intensive ar-
gon- or krypton-ion gas laser on a large-scale cell sorter. In
this study, we evaluated the ability of recently available
violet and near-UV laser diodes to discriminate Hoechst SP
on smaller cuvette-based flow cytometers.
Methods: Violet laser diodes (emitting at 408 and 401
nm) and a near-UV laser diode (emitting at 370 nm) were
mounted on a BD Biosciences LSR II and evaluated for
their ability to discriminate Hoechst SP in murine bone
marrow.

Results: The violet laser diodes discriminated the Hoechst
SP, but with poorer resolution than with the standard UV
gas laser on a large-scale cell sorter. The near-UV laser
diode, in contrast, gave excellent Hoechst SP resolution.
Conclusions: These evaluations indicated that near-UV
laser diodes give excellent Hoechst SP resolution on cu-
vette-based instruments. As the next generation of cell
sorters integrate cuvette-based cell interrogation into con-
ventional jet-in-air cell separation, these laser sources
should become applicable for analysis and physical sepa-
ration of Hoechst SP cells. Cytometry Part A 57A:45–52,
2004. © 2003 Wiley-Liss, Inc.
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Hematopoietic stem cells are objects of considerable
interest in the development and reconstitution of the
mammalian immune system. Considerable attention is cur-
rently directed at identifying the phenotype of these pre-
sumably totipotent progenitors. An important recent de-
velopment in this area is the identification of the Hoechst
side population (SP) (1). When unpurified murine bone
marrow cells are labeled with the membrane-permeant
DNA binding dye Hoechst 33342, a very small fraction of
cells extrudes this dye via a membrane pump (1–3). Anal-
ysis of these cells on a flow cytometer equipped with an
ultraviolet (UV) laser source permits detection of these
cells; when Hoechst-labeled cells are analyzed simulta-
neously through blue and red emission filters, the SP
forms a dim tail extending from the normal G1 cell pop-
ulations. These cells can reconstitute the bone marrow of
lethally irradiated mice at an ED50 of fewer than 100 cells,
indicating that they are highly enriched for totipotent
stem cells (1). The SP cell subpopulation is also enriched
for cells expressing the murine stem cell markers Sca-1
and c-kit, further suggesting that they contain very early

hematopoietic progenitors. Recent studies with stable
transfectants and knockouts have demonstrated that the
causative pump is breast cancer resistance protein 1, or
ABCG2 transporter, a member of the ABC cassette mem-
brane protein family; transfection of cells with the ABCG2
gene results in an SP-like phenotype, and ABCG2 trans-
genic mice have no SP phenotype in their stem cells
(4–7). Interestingly, the bone marrow and peripheral im-
mune system in these knockouts is normal, suggesting
that the ability to efflux Hoechst 33342 is characteristic of
stem cells but not necessary for function (7). Similar SP
subpopulations have been observed in primates and hu-
mans (8,9). The SP phenotype therefore has become an
important marker for stem cell activity in the identifica-
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tion of these cells and in their physical separation by
fluorescence-activated cell sorting.

There are, however, a number of practical difficulties in
the technology surrounding detection of SP cells. Hoechst
33342 requires UV excitation, a wavelength that is com-
paratively difficult to achieve from a laser source. The
most common sources of UV laser light are water-cooled
argon- or krypton-ion gas lasers (providing excitation from
337 to 367 nm); these lasers are large, expensive to pur-
chase and operate, and very maintenance intensive. Their
large size has limited their use to large flow cytometers
and cell sorters, such as the BD Biosciences FACSVantage
(Becton Dickinson, San Jose, CA), the Cytomation MoFlo,
or the Beckman Coulter Altra (Beckman Coulter, Hialeah,
FL). Because these instruments are designed to physically
sort cells by electrostatic deflection, their sample streams
are not confined to quartz cuvettes but are jet-in-air; as a
result, their light collection optics are inherently ineffi-
cient. This optical inefficiency in turn results in a require-
ment for high laser power levels to excite any cell-associ-
ated fluorescent probes. The result of all of these
limitations is the need for a large-scale cell sorter
equipped with a large, powerful UV laser to carry out
Hoechst SP analysis of stem cells. This presents a serious
limitation to the application of SP analysis in stem cell
biology, because few investigators can afford to purchase
or maintain the equipment required to carry out this
relatively simple technique. There is a real need to be able
to carry out Hoechst SP analysis on smaller, less expensive
flow cytometers.

At the core of this problem is the ability to generate
near-UV or UV laser light from sources other than gas
lasers. Laser diodes are a recent and important develop-
ment in this area; although these lasers initially were
limited to the infrared and red emission range (10), recent
developments in gallium nitride diodes have resulted in
blue, violet, and near-UV laser diodes capable of emission
levels appropriate for flow cytometry (11–15). Violet laser
diodes have been found useful for exciting several fluo-
rescent probes relevant to cell biology (such as the
DNA dye 4,6-diamidino-2-phenylindole, the phenotyp-
ing probes Cascade and Pacific Blue, and the expressible
protein cyan fluorescence protein) and are already being
installed in several commercial flow cytometers (12–15).
Near-UV laser diodes at power levels appropriate for flow
cytometry (5–20 mW) are currently in the prototype stage
but should be commercially available at the time of pub-
lication (15). If these laser sources are able to excite
Hoechst-labeled cells and discriminate SP, it would make
this important technique far more accessible to a wider
variety of flow cytometers and investigators; laser diodes
can be incorporated into a far wider group of flow cytom-
eters than large gas sources (15). In this study, we there-
fore evaluated several laser diode sources for their ability
to discriminate SP, ranging in wavelength from the violet
to the near-UV (408–370 nm). Because these lasers pos-
sess relatively low power levels relative to traditional gas
sources, we evaluated them on a cuvette-based flow cy-
tometer (BD Biosciences LSR II).

MATERIALS AND METHODS
Mice and Cells

BALB/c female mice 4 to 12 weeks of age (Jackson
Laboratory, Bar Harbor, ME) were maintained in the Na-
tional Institutes of Health (NIH), National Institute of
Child Health and Development single pathogen-free bar-
rier animal colony and killed immediately before bone
marrow aspiration according to NIH guidelines. Bone mar-
row was extracted by fine-needle aspiration and washed
twice with Hank’s balanced saline solution (HBSS) con-
taining 2% fetal bovine serum (FBS) and 10 mM HEPES.
Some bone marrow samples were initially incubated with
anti-Fc�2/Fc�3 antibody for 10 min at 4°C, followed by
incubation with phycoerythrin-conjugated antibodies
against the lineage markers B220, Ter-119, CD3, Gr-1 and
Mac-1 (BD Pharmingen, San Diego, CA) for 20 min at 4°C.
Cells were washed and subsequently incubated with anti-
phycoerythrin antibody-conjugated paramagnetic beads
(Miltenyi Biotec, Auburn, CA) for 20 min. Lineage-positive
cells were then removed with an AutoMACS cell separa-
tion unit (Miltenyi Biotec) using the normal depletion
program. The lineage-positive (SP-depleted) and lineage-
negative (SP-enriched) populations were washed in the
above buffer and counted. A549 lung carcinoma cells
were obtained from the American Red Cross (Rockville,
MD) and passaged in Dulbecco’s minimum essential me-
dium containing 10% FBS. These cells were removed from
their growth substrate with trypsin and ethylene-diamine-

FIG. 1. a–d: Hoechst SP analysis of unpurified mouse bone marrow on
a FACSVantage DiVa cell sorter equipped with a krypton-ion laser emit-
ting at an MLUV of 100 mW, using the indicated filter combinations. The
Hoechst blue filter is indicated in the upper left corner of each cytogram,
the Hoechst red filter in the lower right corner, and the dichroic in the
upper right corner. SP gates were drawn by using the fumitremorgin C
inhibitor samples (not shown) to set cutoffs.
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tetraacetic acid, washed with cold HBSS/FBS/HEPES and
counted before Hoechst 33342 labeling.

Hoechst 33342 Labeling for SP Discrimination

The above cell fractions, unseparated bone marrow,
and A549 cells were then labeled with Hoechst 33342 by
using the method described by Goodell et al. (1,3). Briefly,
cells were resuspended at 107 cells/ml in HBSS with 2%
FBS and 10 mM HEPES and prewarmed to 37°C. For some
samples, bone marrow cells were preincubated with the
ABCG2 inhibitor fumitremorgin C at 10 �M for 15 min (9).
Hoechst 33342 was then added at a final concentration of
5 �g/ml, and the cells were incubated for 90 min at 37°C
with periodic mixing. Cells were washed with cold HBSS/
FBS/HEPES and simultaneously labeled with FITC-conju-
gated anti–Sca-1 and APC-conjugated anti-c-kit (BD Pharm-
ingen). Cells were then washed with and resuspended in
HBSS/FCS/HEPES and kept at 4°C until analysis (within
4 h).

Flow Cytometry

Cells were analyzed on one of two instruments: (a) a BD
Bioscience FACSVantage DiVa jet-in-air sorter equipped
with argon-ion, 488-nm, krypton-ion UV, and HeNe
633-nm lasers or (b) a BD Bioscience LSR II equipped with
a solid-state, 488-nm, HeNe 633-nm and one of several
violet or near-UV laser diode sources. Hoechst 33342–
labeled cells were excited on the FACSVantage DiVa with

a Coherent I-302C krypton-ion laser emitting in multiline
UV (MLUV) mode (351 and 357 nm) at 100 mW. Hoechst
33342–labeled cells were excited on the LSR II with one
of the following lasers: (a) a Coherent Vioflame 408-nm
violet laser diode emitting at 18 mW; (b) a Power Tech-
nology 401-nm violet laser diode emitting at 18 mW; or (c)
a Power Technology 370-nm near-UV laser diode emitting
at 8 mW. These diode sources were mounted on the BD
LSR II as previously described (12,13), and a full laser
mirror alignment and quality control check with fluores-
cent alignment microspheres was performed after all laser
mountings. A variety of narrow bandpass filter combina-
tions were used on the FACSVantage DiVa, with the
Hoechst red and blue signals split with shortpass and
longpass dichroics. Hoechst blue and red signals on the
LSR II were detected with 450-/50-nm and 650-nm long-
pass filters, respectively, split with a 595-nm longpass
dichroic. Violet, near-UV, and UV laser alignments were
quality controlled with 2-�m yellow-green alignment
beads (Polyscience, Warrington, PA); bead peak coeffi-
cients of variation (CVs) were less than 3.0 on the FACS-
Vantage and less than 2.5 on the LSR II for all lasers before
all experiments. Data was analyzed with WinMDI 2.8
(Joseph Trotter, BD Biosciences). SP gates were drawn by
using the fumitremorgin C inhibitor samples to set cutoffs.

To express the relative detection resolution of the SP
cells, data were expressed as a power function of Hoechst
red and blue fluorescences calculated with Verity WinList

FIG. 2. Hoechst SP analysis of unpurified (a,c,e,g) and lineage-depleted (b,d,f,h) bone marrow (BM) on a FACSVantage DiVa cell sorter equipped with
a krypton-ion laser emitting at an MLUV of 100 mW. Cells were incubated without (a,b) or with (c,d) fumitremorgin C before Hoechst 33342 labeling. The
percentage of SP-positive cells is indicated for each Hoechst red versus blue cytogram (a–d). SP gates for these and all subsequent samples were drawn
by using the fumitremorgin C inhibitor samples to set cutoffs. Simultaneous analysis of Sca-1 versus c-kit expression for unpurified and lineage-depleted
samples is shown in e and f (with the percentage Sca-1–positive c-kit–positive cells indicated), and the Hoechst SP population for Sca-1–positive
c-kit–positive fractions is shown in g and h.
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4.0 (Verity, Topsham, ME) and expressed as the CV of the
resulting distribution.

RESULTS
Identification of the Hoechst 33342 SP in mouse bone

marrow by flow cytometry traditionally has required high
power levels of UV laser excitation. In this study we
evaluated several newly available lower power diode laser
sources for their ability to discriminate the SP in mouse
bone marrow. Different commercial flow cytometers have
different restrictions for the types of filters they can use;
for example, the BD Bioscience LSR II employs only long-
pass dichroic filters to separate fluorescence signals. SP
discrimination traditionally has required two narrow band-
pass filters for the Hoechst blue and red signals, with
signal separation by an intermediate shortpass filter. For-
tunately, the filter requirements for SP detection are not
strict; any Hoechst/4,6-diamidino-2-phenylindole blue fil-
ter and APC/Cy5 red filter combination can be used, and
they can be split with a longpass or shortpass dichroic.
This was confirmed in Figure 1, where Hoechst-labeled
unseparated mouse bone marrow was analyzed with the
traditional FACSVantage/UV gas laser system with several
filter combinations shortpass and longpass splitters. The
filter combination shown in Figure 1d most closely ap-
proximates the arrangement subsequently used on the BD
LSR II: a relatively wide Hoechst blue filter (450/50), an
open red longpass filter (650 LP), and a longpass di-
chroic. SP was equally well discriminated with all com-

binations, including this one. This flexibility in filter and
dichroic selection suggests that the instrument type and
filters/dichroics are not a critical factor for SP detec-
tion, and that we can carry out a valid comparison of
several laser excitation sources on different instrument
platforms.

Figure 2 shows SP analysis of unseparated (Fig. 2a, 2c,
2e, 2g) and lineage-depleted (Fig. 2b, 2d, 2f, 2h) mouse
bone marrow cells untreated (Fig. 2a, 2b) or preincubated
with the ABCG2 inhibitor fumitremorgin C (Fig. 2c, 2d).
UV laser excitation provided excellent resolution of the SP
cells, with good separation from the more differentiated
bone marrow population. Simultaneous labeling of the
bone marrow with FITC- and APC-conjugated antibodies
against the murine stem cell markers Sca-1 and c-kit pro-
vided a confirmation of the identity of the SP. Sca-1 versus
c-kit expression for both fractions is shown in Figure 2e
and 2f; back-gating the Sca-1–positive c-kit–positive frac-
tion gives a population highly enriched for SP cells and
shows a relatively clear separation between SP and non-SP
cells (Fig. 2g, 2h).

SP discrimination was then assessed with two violet
laser diodes emitting at longer wavelengths than those
generated by the UV gas laser. Violet laser diodes emitting
at 408 and 401 nm were sequentially mounted on a BD
Biosciences LSR II, with SP detection through 450/50 and
650 LP filters, split with a 595 LP dichroic. This filter
combination, although different from that used for the
combination shown in Figure 2, was validated on the

FIG. 3. Hoechst SP analysis of unpurified (a,c,e,g) and lineage-depleted (b,d,f,h) bone marrow (BM) on a BD LSR II flow cytometer equipped with a violet
laser diode emitting at 408 nm and 25 mW. Cells were incubated without (a,b) or with (c,d) fumitremorgin C before Hoechst 33342 labeling. The
percentage of SP-positive cells is indicated for each Hoechst red versus blue cytogram (a–d). Simultaneous analysis of Sca-1 versus c-kit expression for
unpurified and lineage-depleted samples is shown in e and f (with the percentage of Sca-1–positive c-kit–positive cells indicated), and the Hoechst SP
population for Sca-1–positive c-kit–positive fractions is shown in g and h.
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FACSVantage, as shown in Figure 1. Figures 3 and 4 show
the results for the 408- and 401-nm lasers, respectively. An
SP was visible in Figures 3a and 3b (for 408 nm) and 4a
and 4b (for 401 nm). The discrimination between SP and
non-SP cells approaching the G1 peak was approximately
the same as that for the MLUV analysis, but its resolution
as defined by the population “sharpness” of the SP cells
was poorer than that observed for the UV laser. Simulta-
neous labeling for Sca-1 and c-kit with subsequent back-
gating into a Hoechst cytogram demonstrated that the SP
did indeed conform to the same functional characteristics
as that discriminated by the UV laser; however, a signifi-
cant amount of population peak resolution “sharpness”
was lost with violet excitation. This loss of sensitivity was
likely not related to the power level of the laser; excitation
by krypton-ion 407-nm violet gas lasers at power levels up
to 100 mW similarly gave a poorly resolved SP population,
and low-power UV sources such as HeCad lasers have
been shown to successfully resolve SP at power levels
below 10 mW (data not shown; Teresa Hawley, personal
communication).

Violet excitation does appear to be adequate, however,
for cell lines expressing high levels of ABCG2 activity.
Figure 5 shows a comparison between Hoechst-labeled
mouse bone marrow cells (Fig. 5a–d) and A549 lung
carcinoma cells (Fig. 5e–h) with krypton-ion UV (Fig. 5a,
5b, 5e, 5g) or violet laser diode at 408-nm (Fig. 5b, 5d, 5g,
5h) excitation. Mouse bone marrow run in parallel
showed the expected loss of resolution, but A549 cells

showed a similar SP pattern with either excitation source.
Cell lines or types with high levels of ABCG2 pump activ-
ity therefore may be amenable to SP analysis with violet
laser sources.

As illustrated above, however, near-UV or true UV ex-
citation appeared to be a requirement for acceptable SP
resolution based on the “sharpness” of the population.
Recent developments in laser diode technology have re-
sulted in practical gallium nitride diodes emitting in the
near-UV range. A prototype Power Technology near-UV
laser diode emitting 8 mW at 370 nm was therefore
mounted on the LSR II and tested for its ability to resolve
SP. The results are shown in Figure 6, where unseparated
or lineage-depleted bone marrow was analyzed with a
krypton-ion UV (Fig. 6a–d) or the near-UV 370-nm (Fig.
6e–h) sources. Resolution of the SP with the near-UV laser
diode was excellent, despite its relatively low power level.
These results demonstrated that the near-UV diodes have
reached the wavelength and power threshold for ade-
quate SP discrimination when analysis is carried out on a
cuvette-based instrument.

The resolution at the cutoff point between SP and
non-SP cells was relatively similar for all laser sources; the
“sharpness” of the SP population on Hoechst red and blue
axes, however, was much better for the near-UV and UV
sources. To quantify this somewhat subjective appearance
characteristic, SP data were expressed as a power func-
tion of Hoechst red and blue values, with the resulting
distribution reflecting the peak and skew of both param-

FIG. 4. Hoechst SP analysis of unpurified (a,c,e,g) and lineage-depleted (b,d,f,h) bone marrow (BM) on a BD LSR II flow cytometer equipped with a violet
laser diode emitting at 401 nm and 18 mW. Cells were incubated without (a,b) or with (c,d) fumitremorgin C before Hoechst 33342 labeling. The
percentage of SP-positive cells is indicated for each Hoechst red versus blue cytogram (a–d). Simultaneous analysis of Sca-1 versus c-kit expression for
unpurified and lineage-depleted samples is shown in e and f (with percentage Sca-1–positive c-kit–positive cells indicated), and the Hoechst SP population
for Sca-1–positive c-kit–positive fractions is shown in g and h.
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eters. The resulting distributions and CVs for violet diode,
krypton-ion MLUV, and near-UV diode sources is shown
in Figure 7. Both violet diode sources produced rela-

tively broad CVs; the UV and near UV sources produced
much lower values that were comparable to one an-
other.

FIG. 5. Hoechst SP analysis of unpurified bone marrow (a–d) or A549 lung carcinoma cells (e–h) on a FACSVantage DiVa cell sorter equipped with a
krypton-ion laser emitting at an MLUV of 100 mW (a,b,e,f) or a BD LSR II flow cytometer equipped with a violet laser diode emitting at 408 nm and 25
mW (c,d,g,h). Cells were incubated without (a,c,e,g) or with (b,d,f,h) fumitremorgin C before Hoechst 33342 labeling. The percentage of SP-positive cells
is indicated for each Hoechst red versus blue cytogram.

FIG. 6. Hoechst SP analysis of unpurified (a,c,e,g) and lineage-depleted (b,d,f,h) bone marrow on a FACSVantage DiVa cell sorter equipped with a
krypton-ion laser emitting at an MLUV of 100 mW (a–d) or a BD LSR II flow cytometer equipped with a near-UV laser diode emitting at 370 nm and 8 mW
(e–h). Cells were incubated without (a,b,e,f) or with (c,d,g,h) fumitremorgin C before Hoechst 33342 labeling. The percentage of SP-positive cells is
indicated for each Hoechst red versus blue cytogram.
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DISCUSSION
These results demonstrated that violet laser diodes, al-

though providing SP discrimination at the level of SP and
non-SP separation and subsequent enrichment by Sca-1/c-
kit back-gating, do not convey the sharp SP peak resolu-
tion observed with traditional UV sources. In contrast,
near-UV diode sources do appear to provide the same
level of sensitivity as far more powerful UV gas lasers on
traditional jet-in-air flow systems, based on the overall
appearance of the population and on the calculation of
multiparameter peak CV The inability of violet laser di-
odes to provide adequate or appropriate excitation for SP
is disappointing (given the recent proliferation of these
lasers in commercial instruments) but not surprising; the
excitation spectra for Hoechst indicates only 2–8% exci-
tation efficiency in the 401- to 408-nm range, and even
conventional krypton-ion violet excitation at higher
power levels produces poor SP discrimination. Excitation
at 401 nm produced marginally better SP appearance than
excitation at 408 nm, however, suggesting that a further
decrease in excitation wavelength would improve SP dis-
crimination. Excitation at 370 nm gave SP discrimination
at least as good as that achieved with much more power-
ful gas lasers. These results not only confirm the utility of
near-UV lasers for SP analysis (with slightly longer wave-
lengths than gas versions) but also the ability of relatively
low-power diode sources to detect SP cells when used
with sensitive cuvette-based instruments. Because small,
inexpensive diode lasers can be incorporated more easily
into a larger variety of flow cytometers than large gas
sources, these findings have the potential of making
Hoechst SP analysis far more accessible to biomedical
researchers.

Although these results demonstrate that Hoechst SP
analysis can be carried out on smaller, bench-top flow
cytometers equipped with near-UV laser diodes, the larger
cell sorters with gas lasers are still required for physical
sorting of SP cells. The jet-in-air sample handling of these
instrument results in a significant decrease in light collec-
tion efficiency and ultimately of instrument sensitivity.

Whereas low-power violet laser diodes have been found
to work reasonably well on these instruments, near-UV
sources still do not possess the power levels necessary to
achieve good Hoechst SP discrimination on these instru-
ment types. The next generation of cell sorters, however,
incorporate closed cuvette cell analysis and subsequent
jet-in-air sorting; these instruments (which include the BD
Bioscience FACSAria, among others) have far more effi-
cient light collection optics, allowing the integration of
lower-power solid-state laser sources. Violet laser diodes
are already a standard fixture on such instrumentation.
Minimal engineering modifications should be necessary to
incorporate near-UV laser diode sources into this instru-
mentation, making sensitive Hoechst SP analysis and sort-
ing possible with these novel laser sources.
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